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Effects of N-acylethanolamines (NAEs): N-arachidonoylethanolamine (anandamide), N-oleoylethanolamine and N-palmitoylethanol-
amine, on energy coupling and permeability of rat heart mitochondria were investigated. In nominally Ca2 +-free media, these compounds
exerted a weak protonophoric effect manifested by dissipation of the transmembrane potential and stimulation of resting state respiration. The
strongest action was exhibited by N-arachidonoylethanolamine, followed by N-oleoylethanolamine, whereas N-palmitoylethanolamine was
almost inactive. These protonophoric effects were resistant to cyclosporin A (CsA) and were much weaker than those of corresponding
nonesterified fatty acids. In uncoupled mitochondria N-arachidonoylethanolamine and N-oleoylethanolamine partly inhibited mitochondrial
respiration with glutamate and succinate but not with tetramethyl-p-phenylenediamine (TMPD) plus ascorbate as respiratory substrates. In
mitochondria preloaded with small amounts of Ca2 +, NAEs produced a much stronger dissipation of the membrane potential and a release of
accumulated calcium, both effects being inhibited by CsA, indicative for opening of the mitochondrial permeability transition pore (PTP).
Again, the potency of this action was N-arachidonoylethanolamine>N-oleoylethanolamine>N-palmitoylethanolamine. However, in spite of
making the matrix space accessible to external [14C]sucrose, N-arachidonoylethanolamine and N-oleoylethanolamine resulted in only a
limited swelling of mitochondria and diminished the rate of swelling produced by high Ca2 + load.
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lamide, etc. for particular representatives). Nevertheless, a merely traditional
nomenclature of N-acylethanolamineswill be used throughout in the present
article.reviews, see Refs. [1,2]). NAEs are present in various
mammalian tissues at the amounts ranging from about 0.1
to over 20 nmol/g [3]. Their content increases up to 500
nmol/g tissue in canine heart during ischemia [4]. Accumu-
lation of NAEs and their phospholipid precursors (N-acyl-
phosphatidylethanolamines) has also been observed in post-
decapitative ischemic brain [5], in cortical neurons as result
of cell damage [6] and in glutamate-induced neurotoxicity
[7]. N-Arachidonoylethanolamine (20:4-NAE), named anan-
damide, has attracted particular attention, as it appeared to be
an endogenous ligand of the brain cannabinoid receptor [8,9].
Although other long-chain NAEs may not react directly with
this receptor, they exhibit a variety of biological activities by
interacting with endocannabinoids or exerting other signal-
ling effects [10]. As NAEs can easily penetrate from injured
cells, in which they are presumably formed, to adjacent areas
and can be specifically accumulated by some types of tissues
and cells [11,12], it has been speculated that they could have
signalling or cytoprotective effects.
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mote apoptosis and/or inhibit cell proliferation in various
types of cells [13–21]. Other biological and pharmacolo-
gical effects of NAEs range from anti-inflammatory action,
first described as early as in 1957 [22], through pain control
[23–25] and cardiovascular modulation [26,27], to the
action on the immune system [21,28].
In contrast to a vast literature on the action of NAEs
through cell surface receptors (for reviews see, e.g. Refs.
[29–31]), much less is known on a possible interaction of
these compounds with intracellular structures. Some effects
of NAEs on isolated mitochondria have been described by
Epps et al. [32]. They found that N-oleoylethanolamine at
low, micromolar, concentrations prevented the efflux of
intramitochondrially accumulated Ca2 + in the presence of
oxaloacetate or phosphate, i.e., under conditions now con-
sidered to promote opening of the mitochondrial permeabil-
ity transition pore (PTP) (see Refs. [33–35]). It also
inhibited mitochondrial respiration, decreased mitochondri-
al membrane potential and slowed down mitochondrial
swelling [32].
The purpose of the present investigation was to get a
broader insight into the action of NAEs on functions of
isolated mitochondria with the aim to better understand their
putative role as intracellular signalling compounds. The
effects of NAEs are also compared here with the effects
of corresponding nonesterified fatty acids. Because rat liver
contains a high activity of N-acylethanolamine amidohy-
drolyse that hydrolyses various NAEs to fatty acids and
ethanolamine [36], most of the work described here has
been performed on mitochondria from rat heart, the organ
that is practically devoid of this enzyme [32,37,38].2. Materials and methods
Rat heart mitochondria were isolated as described by
Schaller et al. [39] using the trypsin-digestion procedure or
by Idell-Wenger et al. [40] with nagarse treatment. Both
kinds of preparations did not differ essentially in their
energy-coupling properties, although the procedure of
Idell-Wenger et al. [40] gave higher yields. Rat liver
mitochondria were prepared by our routine procedure
[41]. Except where stated otherwise, the basic incubation
medium contained 150 mM KCl and 10 mM MOPS/KOH
(pH 7.4). When specified, mitochondria were energized
with 5 mM glutamate plus 5 mM malate.
Mitochondrial transmembrane potential (Dw) was eval-
uated from the uptake of safranine O [42] that was deter-
mined from fluorescence quenching [43] monitored at the
wavelengths of 495 nm (excitation) and 586 nm (emission)
with Shimadzu (Kyoto, Japan) model RF 5000 spectroflu-
orimeter. Under these conditions, decrease of the fluores-
cence corresponded to an increase of Dw. The system was
not calibrated and therefore the results reflected changes of
Dw rather than their absolute values.Mitochondrial swelling was followed by measuring ei-
ther light scattering (Shimadzu spectrofluorimeter) or light
absorbance (spectrophotometer) at 540 nm. The amount of
mitochondria used for light scattering experiments was 0.5
mg protein/3.0 ml and that for light absorbance was 1 mg
protein/3.0 ml.
Changes in intramitochondrial pH were monitored with
the fluorescent pH indicator 2V,7V-bis-(2-carboxyethyl)-
5(6)-carboxyfluorescein (BCECF) as described previously
[44]. Rat liver mitochondria loaded with BCECF (1 mg
protein) were suspended in 3.0 ml of a medium composed
of 225 mM mannitol, 75 mM sucrose and 5 mM Tris–HCl
(pH 7.4).
Ca2 + uptake and release by mitochondria was measured
using the Ca2 +-complexing dye antipyrylazo III in a Shi-
madzu dual wavelength spectrophotometer (Model UV
3000) at the wavelength pair of 720/790 nm [45].
Mitochondrial respiration was measured with a Clark
type oxygen electrode (YSI, Yellow Springs, OH, USA)
equipped with a homemade electronic device that enabled
recording the first derivative of the O2 concentration trace
(equivalent to the O2 uptake rate).
Measurement of the opening of the mitochondrial PTP
was based on the original idea of Griffiths and Halestrap
[46] that sugars can be trapped inside mitochondria due to
PTP opening and a subsequent closure. The procedure
applied by us to intact cells [47] was now adapted for
isolated mitochondria as follows. Mitochondria (1 mg
protein) were suspended in 3 ml of the incubation medium,
supplemented with 5 mM malate and 5 mM glutamate,
containing in addition 10 mM sucrose, and subjected to
treatment with Ca2 + and/or NAE as described for respective
experiments. Then, [14C]sucrose (3 106 dpm) was added
in a small volume followed by 1 AM (final) cyclosporin A
(CsA) 1 min later. Then, aliquots of 2.0 ml were withdrawn
to small centrifuge tubes and mitochondria were sedimented
by centrifugation for 10 min at 10,000 g and 4 jC,
washed twice with the incubation medium containing 1
AM CsA, solubilized in formic acid and counted for radio-
activity. The internal volume that became accessible to
external sucrose was calculated from the specific radioac-
tivity of the medium. In control samples CsA was added to
the mitochondrial suspension before treatment with other
additions.
Malate dehydrogenase as a marker for the mitochondrial
matrix was determined by following the rate of NADH
oxidation with oxaloacetate [48].
All experiments were performed at 25 jC or at room
temperature, which was close to 25 jC. All NAE prepara-
tions were used as 10 mM stock solutions in dimethylsulf-
oxide or ethanol that were kept at  20 jC tightly stoppered
under nitrogen. They were added in microlitre quantities to
mitochondrial suspensions. The solvents alone added at the
same quantities had no effect on the parameters investigat-
ed. Because NAEs and nonesterified fatty acids bind tightly
to mitochondria, their amounts were routinely expressed in
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units.
N-Arachidonoylethanolamine (anandamide), N-oleoyle-
thanolamine, methanandamide (N-arachidonoylpropanol-
amine, arachidonyl-1V-hydroxy-2V-propylamide), CAT,
safranine O, oligomycin, carbonyl cyanide 3-chlorophenyl-
hydrazone (CCCP) and tetramethyl-p-phenylenediamine
(TMPD) were from Sigma (St. Louis, MO, USA). N-
Palmitoylethanolamine was from Biomol (Hamburg, Ger-
many), antipyrylazo III from ICN Pharmaceuticals (Costa
Mesa CA, USA) and CsA from Novartis (Basel, Switzer-
land) or the Institute of Biotechnology and Antibiotics
(Warsaw, Poland). BCECF acetoxymethyl ester was from
Molecular Probes (Eugene, OR, USA) and [U-14C]sucrose
from Amersham (UK).
Experimental traces shown in the figures represent typ-
ical results out of at least three similar.Fig. 1. Effect of NAEs and nonesterified fatty acids on Dw of rat heart
mitochondria in Ca2 +-free medium. The basic incubation medium was
supplemented with 1 mM EGTA, 5 mM glutamate and 5 mM malate.
Safranine O was 8 AM. Each trace was started by addition of 1.0 mg
mitochondrial protein per 3.0 ml of the medium. Other additions, where
indicated, were: N-Ara, N-Ole and N-Pal (in traces A, B and C) or
corresponding nonesterified fatty acids (in traces D, E and F), 1.7 AM CAT
and 1.3 AM CCCP. The amounts of NAEs and fatty acids are expressed per
milligram of mitochondrial protein.3. Results
3.1. Dissipation of Dw and protonophoric effect
In a nominally Ca2 +-free medium (i.e. in the presence of
1 mM EGTA), NAEs resulted in a slight dissipation of Dw
that was much smaller than that by corresponding nones-
terified fatty acids (Fig. 1). For example, an almost complete
dissipation of Dw was produced by arachidonic acid at the
amount of 30 nmol/mg mitochondrial protein, whereas as
much as 120 nmol/mg protein of N-Ara was required to
result in a noticeable effect (Fig. 1, traces A and D). Similar
differences were also observed with N-Ole and N-Pal and
their corresponding nonesterified fatty acids (Fig. 1, traces
B, C, E and F). As expected, the effect of nonesterified fatty
acids was reversed to a considerable degree by CAT in
accordance with the mechanism of the protonophoric action
mediated by the adenine nucleotide carrier [49]. A small
effect of CAT was also observed in the presence of NAEs.
However, this may be due to endogenous fatty acids present
in the mitochondrial preparations, as it also occurred in Fig.
1, trace C, where no Dw decrease could be observed.
A different picture was observed in the presence of Ca2 +.
Energized rat heart mitochondria incubated in a medium
containing 1 mM phosphate accumulated substantial
amounts of calcium, the process being accompanied by a
small and transient decrease of Dw. In such Ca2 +-preloaded
mitochondria N-Ara and N-Ole produced an almost complete
dissipation of Dw at the amounts of 90 and 120 nmol/mg
protein, respectively, and N-Pal exerted a similar effect at 450
nmol/mg protein (Fig. 2, traces A, B and C). In all these cases,
dissipation ofDwwas not instantaneous, as was the case after
addition of CCCP, but proceeded gradually, indicative for a
process that may not occur simultaneously in the whole
mitochondrial population. CsA added before NAEs pre-
vented dissipation of Dw at NAE concentrations that other-
wise were fully uncoupling (Fig. 2, traces D, E and F).Nevertheless, higher concentrations of N-Ara and N-Ole
elicited a dose-dependent dissipation of Dw. This effect did
not result from a possible Ca2 + cycling, as it also occurred
when EGTAwas added to the incubation mixture after Ca2 +
had been taken up by mitochondria (not shown). This picture
might indicate that NAEs exert two different effects on
mitochondria. At lower concentrations, in Ca2 +-loaded mi-
tochondria they produce opening of PTP, whereas at higher
concentrations they have a true protonophoric effect.
In order to check whether the observed dissipation of Dw
might have resulted from a detergent effect of high concen-
trations of NAEs, we examined the leakage of malate
dehydrogenase, an enzyme present in the mitochondrial
matrix. It was found that the amount of malate dehydroge-
nase determined in the supernatants after spinning down
mitochondria from the fluorimeter cuvettes increased from
Fig. 2. Effect of NAEs on Dw of rat heart mitochondria in Ca2 +-containing medium. The incubation medium was as in Fig. 1 except that EGTAwas omitted.
Each trace was started by addition of mitochondria as in Fig. 1, followed by 54 AM CaCl2 (corresponding to 162 nmol Ca2 +/mg mitochondrial protein) and 1.7
AM CsA in traces D, E and F. CCCP was 1.3 AM.
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chondria treated with 210 nmol N-Ara per milligram of
protein, the amount that produced an almost complete Dw
dissipation (not shown), thus pointing to a negligible deter-
gent effect.
It may be debatable whether the protonophoric effects
observed with preparations of NAEs are due to NAEs as
such or to contaminating nonesterified fatty acids that may
be either present as impurities in the commercial prepara-
tions or be formed during the assay. Both cases are rather
unlikely, as the comparison of traces A, B and C with
corresponding traces D, E and F (Fig. 1) shows that the
contamination must have been at least 30% to account forthe observed dissipation of Dw. Yet, thin-layer chromato-
graphy of the commercial preparations of NAEs used in the
present investigation did not reveal detectable amounts of
nonesterified fatty acids (not shown). Splitting of NAEs
during the experiments is unlikely, either, because rat heart
mitochondria are lacking the corresponding hydrolases
[32,37,38]. Therefore, although the presence of minute
amounts of fatty acids could not be excluded, it seems
likely that NAEs are weak protonophores as such. This
conclusion is corroborated by experiments with methanan-
damide, the nonhydrolysable analogue of N-Ara [50]. This
compound affected rat heart mitochondria both qualitatively
and quantitatively similarly as N-Ara (Fig. 3).
Fig. 3. Effect of methanandamide on the transmembrane potential of rat
heart mitochondria. The incubation medium and additions were as in Fig. 2.
Methanandamide (MethAna) was added where indicated by the arrows.
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action or from inhibition of the electron flow through the
respiratory chain and, consequently, slowing down the
proton pumping. The latter possibility seemed likely in
the light of previous observation by Epps et al. [32] on
inhibition by N-Ole of succinate oxidation. To check
whether the former mode of action, i.e. a real protono-
phoric effect, was also possible, we examined the effect
of NAEs on mitochondria in which Dw was generated by
diffusion of K+. Mitochondria were suspended in anFig. 4. Dissipation by NAEs of the diffusion membrane potential of rat heart mitoc
potassium medium containing 75 mM sucrose, 225 mM mannitol, 17 mM Tris–
safranine O. Final K+ concentration, including potassium ions introduced with the
to a final concentration of 1 AM preceded by the addition of NAEs as follows: A,
mg protein; D, N-Ole 180 nmol/mg protein; E, N-Pal 180 nmol/mg protein.isosmotic low-potassium medium and the potassium dif-
fusion potential was induced by addition of the ionophore
valinomycin. Due to high intramitochondrial K+ concen-
tration, a diffusion potential of the same polarity (positive
outside) as Dw generated by the respiratory chain was
formed [42]. This potential dissipated spontaneously with-
in 1–2 min, but it appeared stable enough to check the
protonophoric action of NAEs. As shown in Fig. 4, N-
Ara substantially accelerated the spontaneous dissipation
of Dw already at the amount of 30 nmol/mg protein (trace
B), whereas 180 nmol/mg protein practically prevented
formation of the diffusion potential (trace C). N-Ole and
N-Pal were somewhat less active (traces D and E,
respectively). These effects were insensitive to CsA (not
shown).
We have observed previously [44] that addition of a
small amount of fatty acid to mitochondria produces a small
but rapid acidification of the mitochondrial matrix, followed
by a slow return to its previous pH, the so-called pH jump.
This pH decrease was presumably due to a rapid fatty acid
entry by the flip-flop mechanism. No such jump occurred
with the three NAEs used in the present study (Fig. 5, traces
B, C, and D, compare with trace A). Instead, a slow steady
acidification could be observed. It has to be noted that these
experiments have been exceptionally performed with rat
liver rather than rat heart mitochondria because it appeared
that heart mitochondria partly lost their tight coupling
properties after BCECF loading. Although rat liver is
known to contain high activity of NAE amidohydrolase
[32,36–38], contribution of nonesterified fatty acids to the
observed effect could be neglected because only the imme-hondria. Mitochondria (1 mg protein) were added to 3.0 ml of isotonic low-
HCl (pH 7.4), 1 mM KCN, 2 AM rotenone, 2 AM oligomycin and 8 AM
stock mitochondrial suspension, was 5.5 mM. Valinomycin (Val) was added
control, no NAE added; B, N-Ara 30 nmol/mg protein; C, N-Ara 180 nmol/
Fig. 5. Effect of NAEs and oleic acid on internal pH of rat liver mitochondria. Mitochondria preloaded with BCECF as described under Materials and methods
were suspended in the medium as in Fig. 2. Then, the following consecutive additions were made as indicated: 1.7 AM CsA, 1.7 AM CAT, Ca2 + (30 nmol/mg
protein), oleic acid (Ole) or various NAEs at the amounts indicated, and 1.3 AM CCCP. Trace A is from Ref. [44].
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this case.
3.2. Mitochondrial respiration
The effect of NAEs on mitochondrial respiration
appeared to be complex. Under resting state (State 4)
conditions, N-Ara stimulated oxygen uptake with glutama-
te +malate and TMPD+ ascorbate as the respiratory sub-
strates (Fig. 6). In contrast, N-Ara inhibited the uncoupled
respiration with glutamate +malate. It has to be noted that
with these substrates uncoupled respiration of our prepara-
tions of rat heart mitochondria declined spontaneously after
addition of the uncoupler. Nevertheless, the peak respiration
immediately following addition of CCCP was dose-depen-
dently lowered by N-Ara (Fig. 6, traces A–C). We also
observed a strong inhibition by N-Ara of uncoupled respi-
ration with succinate as substrate (not shown), which is
compatible with a similar inhibition by N-Ole described by
Epps et al. [32]. There was, however, no inhibitory effect ofN-Ara at concentration of up to 300 nmol/mg protein on the
oxygen uptake with ascorbate + TMPD as substrates (Fig. 6,
traces D and E). N-Ara (180 nmol/mg protein) also inhibited
by about 50% the oxidation of NADH by inside-out
submitochondrial particles obtained by sonic disruption of
mitochondria (not shown).
Neither stimulation by N-Ara and N-Ole of the resting
state respiration nor inhibition of the uncoupled oxidation of
glutamate and succinate could be prevented by CsA.
3.3. Release of accumulated Ca2+ and mitochondrial
swelling
As expected, the amounts of N-Ara that resulted in a
complete dissipation of Dw in the presence of Ca2 + also
produced the release of accumulated Ca2 +. This release
was prevented by CsA (Fig. 7). On the other hand, when
N-Ara was added to the mitochondrial suspension before
Ca2 +, it resulted in a diminished capability of the mito-
chondria to accumulate calcium. Whereas untreated mito-
Fig. 6. Effect of N-Ole and N-Ara on the resting state respiration of rat heart mitochondria. The basic incubation medium was supplemented with 5 mM
glutamate + 5 mM malate + 100 AM cytochrome c in traces A, B and C, and with 30 AM TMPD+ 5 mM ascorbate in traces D and E. Total volume was 1.0 ml
and the amount of mitochondria (Mito) corresponded to 1.0 mg protein in traces A, B and C, and 0.3 mg protein in traces D and E. The traces show the rates of
O2 uptake. The numerical values at the traces express the rate of oxygen uptake in ng atom/min/mg protein. The amount of N-Ara is also expressed per
milligram of mitochondrial protein. CCCP was 3.3 AM.
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protein (not shown), the same mitochondria treated with
120 nmol N-Ara/mg protein released accumulated calcium
when its amount exceeded 360 nmol/mg protein (Fig. 8).
This spontaneous release was abolished by CsA and a
complete release of Ca2 + was produced only by the
protonophore CCCP. This calcium-releasing property ofFig. 7. Release of Ca2 + from rat heart mitochondria under the effect of N-Ara. T
antipyrylazo III and contained mitochondria corresponding to 1.0 mg protein/3.0 m
mitochondrial protein). Where indicated, N-Ara was added at portions of 30 nmo
beginning of the experiment. CCCP was added to the concentration of 2 AM. The i
antipyrylazo III, measured as decrease of light absorbance (A540).N-Ara could therefore be interpreted as promotion of PTP
opening.
PTP opening is routinely measured by mitochondrial
large-amplitude swelling in isosmotic saline or sucrose
media. Surprisingly, the CsA-sensitive release of accumu-
lated Ca2 + by N-Ara was not accompanied by extensive
mitochondrial swelling. As shown in Fig. 7 insert, addi-he incubation medium was as in Fig. 2 (without safranine O) plus 50 AM
l. CaCl2 was added to the final concentration of 180 AM (540 nmol Ca2 +/mg
l/mg protein. Dashed line, 2 AM CsA was present in the medium from the
nsert shows swelling of mitochondria under identical treatment, but without
Fig. 8. Effect of N-Ara on Ca2 + uptake by rat heart mitochondria. The incubation medium was as in Fig. 7. CaCl2 was added in portions to increase its final
concentration by 60 AM each (corresponding to 180 nmol/mg protein) and N-Ara by 30 nmol/mg protein at each arrow. CCCP was 2 AM. In trace C the
medium was supplemented with 2 AMCsA. In the absence of N-Ara (as in trace A) as many as seven portions of 180 nmol Ca2 +/mg protein each (amounting to
a total of over 1200 nmol/mg protein) could be added before a spontaneous Ca2 + release was triggered (not shown).
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decrease of light scattering followed by a subsequent
inhibition of swelling. A diminution of the rate and the
extent of mitochondrial swelling by N-Ara were also
observed when the swelling was produced by calciumFig. 9. Effect of N-Ara on mitochondrial swelling induced by Ca2 + overload and o
antipyrylazo III was omitted for swelling measurements. Upper traces (A and B)
lower traces (AVand BV) show Ca2 + concentration in the medium. CaCl2 was add
nmol/mg protein at each arrow.overload. As shown in Fig. 9, trace A, a massive dose of
Ca2 + resulted in an initial contraction followed by a
spontaneous rapid swelling. This was accompanied by
Ca2 + uptake followed by its release (Fig. 9, trace AV).
When Ca2 + was preceded by addition of 120 nmol N-n Ca2 + accumulation and release. The medium was as in Fig. 7, except that
illustrate mitochondrial swelling measured by light absorbance at 540 nm;
ed to the concentration of 420 AM (1260 nmol/mg protein) and N-Ara to 30
Table 1
Accessibility of the mitochondrial matrix compartment to external sucrose
Treatment Final Dw Accessible matrix
space (Al/mg protein)
Low Ca2 + high 0.5F 0.1
Low Ca2 +!N-Ara low 2.3F 0.9a
CsA! low Ca2 +!N-Ara high 0.3F 0.0
High Ca2 + low 4.2F 0.5
N-Ara! high Ca2 + low 3.1F1.1
CsA! high Ca2 + high 0.6F 0.6
The procedure was as described under Materials and methods. Mitochon-
dria (1.0 mg protein) were added to 3.0 ml of the incubation medium
containing 5 mM malate, 5 mM glutamate, 10 mM sucrose and 8 AM
safranine O. Then, CaCl2 was added to the final concentration of 54 AM
(equivalent to 162 nmol/mg protein, ‘‘low Ca2 +’’) or 162 AM (equivalent to
486 nmol/mg protein, ‘‘high Ca2 +’’). N-Ara, where indicated, was 90 nmol/
mg protein. After about 10 min, when the membrane potential was
established at a high or a low level (‘‘final Dw’’), [14C]sucrose (3 106
dpm) was added in a small volume followed by 1 AM CsA exactly 1 min
later. All values were corrected for the amount of radioactivity present in
the sample to which CsA was added immediately after addition of
mitochondria. The data are mean values for 3 experimentsF S.D.
a Statistical significance with respect to ‘‘low Ca2 +’’ was P < 0.05.
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the rate of the subsequent swelling were diminished (Fig.
9, trace B). In parallel, the rate and the extent of Ca2 +
uptake were decreased, as was the subsequent Ca2 +
release (Fig. 9, trace BV).
A similar picture emerged when mitochondria were first
supplemented with Ca2 + in the absence of phosphate and
then the swelling was initiated by addition of phosphate.
Such mitochondria swelled rapidly in the absence of NAE
(Fig. 10, trace A), a picture typical for PTP opening.
Addition of N-Ole preceding Ca2 + resulted in a concentra-
tion-dependent diminution of both the rate and the extent of
swelling (Fig. 10, traces B–D). As expected, a complete
inhibition was produced by CsA (Fig. 10, trace E).
3.4. PTP opening
Promotion by N-Ara of PTP opening was confirmed by
experiments in which accessibility of the matrix compart-
ment to external sucrose was measured. Mitochondria were
supplemented with low concentrations of Ca2 +, followed by
N-Ara, followed by [14C]sucrose (see Materials and meth-
ods). It was found that such treatment made the mitochon-
drial internal space equivalent to about 2 Al/mg protein
accessible to external sucrose, whereas low Ca2 + alone was
not sufficient to do so (Table 1). As expected, such treat-
ment also collapsed Dw (see Fig. 2). High calcium overload
also made the mitochondrial matrix compartment accessible
to sucrose. In this case, the internal sucrose-accessible spaceFig. 10. Effect of N-Ole on the swelling of rat heart mitochondria induced by Ca2 +
O). The amount of mitochondria corresponded to 0.5 mg protein/3.0 ml. Mitochon
nmol/mg protein) and then CaCl2 was added to the final concentration of 60 AM
conditions no swelling was observed unless 1.7 mM phosphate was added. Trace
Swelling was measured by light scattering decrease (LS540).amounted to about 4 Al/mg protein. In both cases, sucrose
accessibility was prevented by CsA.4. Discussion
The present results shed new light on the action of NAEs,
and in particular of N-Ara, at the mitochondrial level.and phosphate. The incubation medium was as in Fig. 2 (without safranine
dria were first incubated with N-Ole at the amount indicated at the traces (in
(corresponding to 360 nmol Ca2 +/mg mitochondrial protein). Under these
E represents the sample to which 1.7 AM CsAwas added before phosphate.
M. Wasilewski et al. / Biochimica et Biophysica Acta 1657 (2004) 151–163160Collectively, they point to the following effects: (1) proto-
nophoric action, (2) inhibition of the electron flow through
the respiratory chain, and (3) promotion of PTP opening in
mitochondria preloaded with Ca2 +. These effects are, in
general, similar to those exerted by fatty acids [51], al-
though the concentration dependence is different.
4.1. Protonophoric effect and inhibition of electron
transport
The protonophoric action of NAEs is corroborated by
stimulation of the resting state respiration (Fig. 6) and by
dissipation of the diffusion potential (Fig. 4). On the other
hand, inhibition of mitochondrial uncoupled respiration by
N-Ole and N-Ara with glutamate +malate and succinate as
respiratory substrates, but not with an artificial electron
donor for cytochrome oxidase, points to inhibition of com-
plexes 1, 2 and/or 3 of the respiratory chain. Although the
inhibition by NAEs of substrate transport cannot be exclud-
ed, the diminution by N-Ara of NADH oxidation in inside-
out submitochondrial particles, observed in the present
investigation, and the independence of inhibition by N-Ole
of succinate oxidation of succinate concentration, described
by Epps et al. [32], point to a real action at the level of the
respiratory chain.
It can be thus concluded that the observed effects of
NAEs on Dw were resultants of two mechanisms: (1)
inhibition of the electron flow through the respiratory chain,
and mainly through complexes 1 and/or 3, and (2) a genuine
protonophoric action. The latter mechanism can also be
confirmed by a slow dissipation of the pH gradient between
the mitochondrial matrix and the external medium. Notably,
its kinetics differed from that produced by fatty acids (Fig.
5) indicating that it was not due to a fast flip-flop of the
compounds in question as was the case with nonesterified
fatty acids.
The nature of the inhibitory effect of NAEs on the
respiratory chain is not clear and resembles that by nones-
terified fatty acids [51].
4.2. Effect on the PTP
Promotion by NAEs of Dw dissipation in mitochondria
preloaded with small amounts of Ca2 + (Fig. 2) was ob-
viously due to the opening of PTP, as it was largely
prevented by CsA, the known inhibitor of PTP [52], and
was paralleled by CsA-sensitive Ca2 + release (Figs. 7 and
8). In this respect, NAEs also resemble nonesterified fatty
acids where promotion of PTP opening has been described
by several investigators [33,53–55] (see also Ref. [56] for a
more recent review). We have shown that this effect of fatty
acids is independent of the protonophoric action mediated
by mitochondrial anion carriers [57] and can also be
reproduced in PTP reconstituted in proteoliposomes [58].
We have proposed [57] that the effect of fatty acids on PTP
could be due to their interaction with the adenine nucleotidetranslocase, assumed to be one of the constituents of PTP
[59–62] (but see also Ref. [63] for a critical discussion of
such role of the translocase in PTP). It is debatable whether
or not a similar interaction may occur between the translo-
case and NAEs. Our preliminary experiments (Wie˛ckowski
and Wojtczak, unpublished) showing that N-Ole and, to a
higher degree, N-Ara react with the translocase by compet-
ing for its atractyloside-binding sites seem to support the
notion that the adenine nucleotide translocase can also
mediate the interaction of NAEs with PTP. It can therefore
be speculated that the regulation by NAEs of PTP opening
may be one of their physiological functions in the cell.
Although N-Ara and N-Ole promote PTP opening, it is
worthy to note that they induce mitochondrial swelling to a
very limited extent only. Moreover, they slow down swell-
ing induced by high calcium overload. This latter effect is
compatible with previous observations by Epps et al. [32].
These opposite effects, promotion of PTP opening on one
hand and inhibition of mitochondrial swelling on the other
hand, are difficult to explain and open the space for
speculations. One may propose, for example, that pretreat-
ment of mitochondria with NAE lowers their ability to
accumulate Ca2 + (Fig. 8) because of a partial dissipation
of Dw. A decreased calcium load results in decreased PTP
opening ability. Another possibility is that unsaturated
NAEs do not enable mitochondrial large-amplitude swelling
because of a possible change in membrane rigidity. A
possibility can also be taken into account that NAEs induce
PTP opening in a lower conductance mode.
4.3. Physiological implications
The effects of NAEs on isolated mitochondria as
described in the present study have their counterparts in
their action on whole cells and tissues and may contribute
to the physiological action of these compounds as signal
transducers and endogenous ligands of the cannabinoid
receptor. Dissipation of the mitochondrial Dw, both CsA-
resistant (i.e., independent of PTP opening) and CsA-
sensitive, may result in the cytotoxicity of higher NAE
concentrations as described by Berdyshev et al. [64]. It
remains, however, unclear whether and how the ‘‘uncou-
pling’’ properties of N-Ara might contribute to the in-
creased respiration rate of brain mitochondria isolated from
acutely treated rats [65], more so that this effect was not
observed in liver mitochondria.
Most attention has been attracted by the antiproliferative
and proapototic modes of action of N-Ara and other NAEs
[13–21]. It seems likely that PTP opening triggered by N-
Ara and other NAEs may constitute one of the underlying
mechanisms. As discussed in a recent review [56] and
documented in more recent reports [66,67], nonesterified
fatty acids, and arachidonic acid in particular, also exhibit
proapoptotic effects. The mechanism of this action may also
be by promoting PTP opening, as it could be partly
prevented by CsA [67–69]. However, long-chain unsatu-
M. Wasilewski et al. / Biochimica et Biophysica Acta 1657 (2004) 151–163 161rated fatty acids at micromolar concentration may induce
necrosis rather than apoptosis [68,69]. On the other hand,
there are numerous examples that cell death produced by N-
Ara and other NAEs is a typical apoptosis [16,17,21,70–
72]. This action of NAEs may be of special physiological
importance in tissues like brain and heart where large
quantities of NAEs accumulate as result of ischemia [4,5].
Although N-Ara, the strongest PTP agonist, constitutes only
a minute portion of the total amount of these compounds
appearing in normal and ischemic tissues [2–4], other
NAEs may enhance its effect by the ‘entourage’ mode of
action [73,74], i.e., among other ways by protecting N-Ara
from hydrolytic splitting. Thus, NAEs, along with nones-
terified fatty acids, may be considered as another class of
apoptosis-inducing signal molecules.Acknowledgements
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